A total of 71 fecal samples, collected from 56 animal species (47 mammals, four reptiles, and five avians), were examined for the occurrence of Bacillus thuringiensis. Most of the animals were residents of the Fukuoka Municipal Zoo, Fukuoka, Japan. The organism was detected in 32 (45%) samples. Among 2,955 colonies of the Bacillus cereus/B. thuringiensis group examined, 531 (18%) were assigned to B. thuringiensis on the basis of the formation of parasporal inclusions. Fecal samples from animals feeding on vegetable matter contained B. thuringiensis at high frequencies. Examples included feces from the chimpanzee, gorilla, Japanese black bear, polar bear, green iguana, and ostrich. In contrast, only a few isolates were recovered from feces of carnivorous animals, in particular, feline mammalians including the lion, tiger, leopard, and jaguar. The results suggest that a daily food intake of plant origin yields the feces containing B. thuringiensis at high levels.
INTRODUCTION
Bacillus thuringiensis is an aerobic Gram-positive bacterium that produces large proteinaceous crystalline parasporal inclusions during sporulation. The inclusions often exhibit strong and specific larvicidal activities against several orders of insects. This makes B. thuringiensis a reliable agent for microbial control of insect pests of agricultural, veterinary, and medical importance (Tanada and Kaya, 1993) . Interestingly, recent studies have also shown the occurrence of unique B. thuringiensis strains whose parasporal inclusion proteins are non-toxic to insects, but are highly and specifically cytocidal against certain human cancer cells (Mizuki et al., 1999b Lee et al., 2000; Yamashita et al., 2000) .
As B. thuringiensis was first isolated from diseased larvae of Lepidoptera (Ishiwata, 1901; Berliner, 1915) , it has long been thought that the organism occurs in the proximity of insect-inhabiting environments. For the last two decades, however, intensive ecological studies have demonstrated that B. thuringiensis is also found in other environments. The examples include natural soils (DeLucca et al., 1981; Ohba and Aizawa, 1986; Martin and Travers, 1989) , phylloplanes (Smith and Couche, 1991; Ohba, 1996; Damgaard et al., 1997; Mizuki et al., 1999a) , aquatic environments (Ichimatsu et al., 2000; Iriarte et al., 2000) , activated sludges in sewage-treating plants (Murakami et al., 1996; Mizuki et al., 2001) , and marine and intertidal brackish sediments . Relatively little work has been done, however, on the occurrence of B. thuringiensis in the feces of animals. It would be of value, for safety considerations in practical application of B. thuringiensis-based bioinsecticides, to assess the natural background levels of this organism in and on various animals. The objectives of this study was to examine the population levels of B. thuringiensis in feces of a wide range of animals, mostly the residents of a zoological garden in Japan.
MATERIALS AND METHODS
Sampling of animal feces. Fecal samples were collected in January, 2000, from 67 individuals of 52 animal species maintained at the Fukuoka Municipal Zoo, Fukuoka, Japan (Tables 1-3) . From each individual animal, a single fecal sample was obtained. The samples were free of soil contamination. Fresh feces were also collected from three pet animals (dog, cat and gerbil), and a laboratoryreared musk shrew. All samples were stored in clean vinyl bags at Ϫ20°C until use. The animals were all in good physical condition with no sign of diarrhea or other illness at the time of sampling.
Animals were grouped on the basis of the type of food that had been provided before and during the sampling: (i) herbivorous, virtually vegetarians fed on plant and plant-origin materials (fruits, vegetables, root crops, peanuts, rice and wheat grains, grasses, bamboo leaves, hay, soybean wastes, pellets and bread), occasionally supplemented with dried small fish, milk and boiled eggs, (ii) carnivorous, reared on meat (horse, cow liver, chicken and kangaroo) and/or whole bodies of small animals (rabbits and mice), (iii) omnivorous, maintained on mixes of vegetable matter and meat, and (iv) insectivorous, mostly fed on insects (crickets), occasionally supplemented with whole bodies of mice.
Isolation of B. thuringiensis. Isolation of B. thuringiensis from fecal samples was done according to the method of Ohba and Aizawa (1986) . Briefly, tenfold serial dilutions of pasteurized (65°C, 30 min) fecal suspensions were made in sterile phosphate-buffered saline (PBS) and plated on nutrient agar. Nutrient agar (pH 7.6) consisted of meat extract (10 g), polypeptone (10 g), NaCl (2 g), agar (25 g) and distilled water (1,000 ml). No selective medium was involved in this study. The plates were then incubated at 28°C for 3-4 d. Of the bacterial colonies formed, those showing morphological features characteristic of the B. cereus group (Smith et al., 1952) were selected for microscopic observation of the sporulating cells. In another study of ours, PCR tests with B. cereus group-specific primers fully supported the results of colony morphology-based identification (Shisa et al., 2002) . Finally, colonies that formed parasporal inclusions were assigned to B. thuringiensis. In this study, the frequency of B. thuringiensis isolates among the B. cereus/B. thuringiensis group was referred to as the B. thuringiensis index (Damgaard et al., 1997) .
RESULTS

Frequency of B. cereus/B. thuringiensis group
Colonies of the B. cereus/B. thuringiensis group occurred in feces of 52 (93%) out of 56 animal species, and 65 (92%) out of 71 individuals (Tables  1-3 ). In general, feces of herbivorous animals contained high-level populations of the B. cereus/B. thuringiensis group. In particular, it occurred at high densities (Ͼ10 5 CFUs/g) in feces of six mammals (the gorilla, reticulated giraffe, shika deer, Arabian oryx, Asiatic elephant and the red kangaroo) and a reptilian (the Indian star tortoise). Most fecal samples from carnivorous animals, chiefly felines, contained B. cereus/B. thuringiensis group at substantially low levels (Ͻ10 3 CFUs/g). Three fecal samples from the lion, tiger and puma yielded no colonies of this bacterial group. Tables 1-3 show the results of B. thuringiensis isolation from feces of various animals, mostly residents in the Fukuoka Municipal Zoo, Fukuoka, Japan. The organism was recovered from 28 (50%) out of 56 animal species tested, and 32 (45%) out of 71 fecal samples. Of 2,955 colonies belonging to the B. cereus/B. thuringiensis group, 531 (B. thuringiensis index: 0.18) were allocated to B. thuringiensis. The index value varied markedly depending on animal species. Extremely high index values of 0.8-1.0 were obtained in feces of the gelada baboon, chimpanzee, gorilla, Japanese black bear and polar bear, while many of the samples from other animals had low values of Ͻ0.01. Also, marked differences were occasionally observed in the frequency of B. thuringiensis between samples from different individuals of a given animal species. For example, no B. thuringiensis colonies were detected in feces of a male chimpanzee, while the index value in feces of a male was as high as 0.896 (Table 1) . Among 32 B. thuringiensis-positive samples, feces of the gorilla retained this organism at the highest level of density (4.9ϫ10 5 CFUs/g). This was followed by the fecal sample from the shika deer (1.7ϫ10 4 CFUs/g). In other animal feces, B. thuringiensis occurred at relatively low levels of Ͻ10 4 CFUs/g. Table 4 summarizes the comparative frequencies of B. thuringiensis in the three animal classes. Among the three, mammals and reptiles yielded B. thuringiensis-positive samples at high frequencies. In particular, all of the fecal samples from the four reptilian species contained this organism. The B. thuringiensis index in mammalian feces averaged 0.201, while the indices for the other two classes were substantially lower (Ͻ0.08). Table 5 shows the comparative frequencies of B. thuringiensis fecal isolates in three animal categories feeding on different types of food: herbivores, carnivores and omnivores. Of the three, herbivores provided B. thuringiensis-positive samples at the highest frequency of approximately 59%. Also, the greatest value of B. thuringiensis index (0.201) was obtained in fecal samples from herbivores.
Isolation of B. thuringiensis
DISCUSSION
This is the first report of the frequency of B. thuringiensis associated with feces of various animals in the three classes: Reptilia, Aves and Mammalia. Assessment of the levels of B. cereus/B. thuringiensis group was also done in this study. Overall, feces of animals fed on plants and plantorigin materials contained high-level populations of B. cereus/B. thuringiensis group. This is in marked contrast to the results with carnivorous animals whose feces yielded this bacterial group at substantially lower levels. Our observations strongly suggest that the high level of B. cereus/ B. thuringiensis group in herbivore feces is attributable to the feeding habits of the animals. In most positive samples, B. cereus outnumbered B. thuringiensis. Interestingly, the B. thuringiensis indices were extremely high (0.8-1.0) in the gelada baboon, chimpanzee, gorilla, Japanese black bear and the Malayan bear. It is also noteworthy that the B. thuringiensis index value in polar bear feces was as high as 1.0. This animal in the Fukuoka Municipal Zoo is an omnivore, feeding on a mixture of vegetable matter and meat.
It is unlikely that the anaerobic environments in the alimentary tracts of animals support the germination, growth and sporulation of B. thuringiensis. Thus, heat-resistant cells recovered in the present study were conceivably the transient spores pre-existing in feeding materials. Earlier workers have reported that B. thuringiensis naturally occurs at high frequencies on phylloplanes of various plants including vegetables (Smith and Couche, 1991; Ueda et al., 1991; Ohba, 1996; Damgaard et al., 1997; Mizuki et al., 1999a; Kaur and Singh, 2000) , grain crops and stored products (Attathom et al., 1995; Ueda et al., 1996; Bernhard et al., 1997; Kim et al., 514 D.-H. Lee et al. 1998). These observations, coupled with our present results, provide the circumstantial evidence that the daily food intake of vegetable matter contains B. thuringiensis at substantial levels. The present results do not exclude the possibility that some of the isolates were derived from fieldsprayed B. thuringiensis-based microbial insecticides. It is not clear whether the food plants served to the animals had been previously sprayed with the B. thuringiensis insecticides. Biological and molecular characterization of our isolates may provide insights into their origins.
It should be noted that the animals, whose feces contained high levels of B. thuringiensis, were all normal-looking with no incidence of illness, including diarrhea. This indirectly supports earlier observations (Itoh et al., 1992; Siegel, 2001 ) that B. thuringiensis is naturally non-pathogenic for mammals, including primates and humans. Our future studies will include characterization of the isolates obtained in this study, and the assessment of levels of B. thuringiensis in feces of wildlife in nature.
